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A B S T R A C T   

Renal cell carcinoma (RCC) is an increasingly prevalent urologic malignancy that impacts human 
health worldwide. Surgery is an effective strategy for early RCC treatment, but advanced RCC is 
resistant to chemotherapy, thus development of other potential therapeutic strategies is urgent. 
Ferroptosis is a newly defined form of programmed cell death characterized by accumulation of 
iron-dependent lipid peroxides and plays a crucial role in the tumor progression and drug 
resistance. Recent studies have shown that ferroptosis participates in RCC progression and che
moresistance. Therefore, identifying the potential role of ferroptosis in RCC could develop novel 
therapeutic targets and clinical markers for this disease. This review concisely summarizes the 
regulatory role of iron, amino acid, and lipid metabolism in ferroptosis, as well as discusses the 
relationship between ferroptosis and RCC, and details the role of ferroptosis in tumor progression, 
which indicates that various ferroptosis regulators are dysregulated in RCC and exert paradoxical 
effects, either tumor-suppressive or oncogenic. These ferroptosis-related regulators are expected 
to be used as clinical markers for RCC prognosis. Thus, targeting these regulators to trigger fer
roptosis may be the key to the development of potential therapeutic strategies for this disease.   

1. Introduction 

Renal cell carcinoma (RCC) is one of the most common urologic cancers with high morbidity and high-grade malignancy, ac
counting for 85% of malignant renal tumors [1]. RCC is classified into three distinct histological subtypes, including clear cell RCC, 
papillary RCC, and chromophobe RCC [2]. Partial and radical nephrectomy are the mainstreams for early RCC treatment, which 
contribute to a positive prognosis with a 5-year survival rate of approximately 93% [3]. However, it is estimated that 20–30% of 
patients who have received a successful nephrectomy experience a recurrence and even distant metastasis to lung, bone, liver, and 
brain, which is largely responsible for RCC-associated deaths [4]. Although immunotherapy benefits patients with advanced RCC, but 
drug resistance occurred in these patients results in unfavorable prognosis [5]. Therefore, it is imperative to develop novel approaches 
for RCC treatment. 

Ferroptosis is an emerging form of programmed cell death that is gradually regarded as an adaptive process to eradicate cancer cells 
that resistant to other types of programmed cell death, such as apoptosis and autophagy [6]. Thus, activation of ferroptosis is 
considered to be an ideal therapeutic strategy of cancer and may help to overcome drug resistance [7]. The initiation of ferroptosis is 
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mainly involved in iron accumulation, amino acid, and lipid metabolism (Fig. 1). Increasing studies have been implicated the 
contribution of ferroptosis in the pathogenesis of RCC, and indicated that some agents can induce ferroptosis in RCC cells [8–10]. These 
findings provide the possibility that using inducers of ferroptosis or regulating ferroptosis-related genes become a novel strategy for 
RCC treatment. Therefore, understanding the role of ferroptosis in RCC is great significance. This review summarizes the relationship 
between ferroptosis and RCC and roles of ferroptosis in RCC progression, treatment, and prognosis, as well as discusses the potential 
application of ferroptosis in RCC therapies. 

2. Review criteria 

In order to summarize the role of ferroptosis in RCC, a PubMed search was performed in March 2023. Articles containing the 
following key words were considered for inclusion: “renal cell carcinoma” AND “Ferroptosis”. The research strategy is: (Carcinoma, 
Renal Cell [Mesh] OR renal cell carcinoma [title/abstract]) AND (Ferroptosis [Mesh] OR Ferroptosis [title/abstract]). Relevant 
research articles were also identified from a manual search of reference lists within those included. The abstracts of identified research 
articles were screened and classified for inclusion in the review. To be included, the article must have described original data con
cerning the relationship between ferroptosis and RCC, and have been published in a peer-reviewed journal and written in English. The 
PRISMA flow chart of this study is illustrated in Fig. 2. 

Fig. 1. The main mechanisms of ferroptosis in RCC. Extracellular Fe3+ combined with transferrin are endocytosed into cell via TFR. STEAP3 
converts Fe3+ into Fe2+, and Fe2+ is released from DMT1 to the unstable iron pool in the cytoplasm to mediate lipid ROS and ferroptosis. The 
SLC7A11/SLC3A2 transporter exports intracellular glutamate and imports extracellular cystine, which is then converted to cysteine for GSH syn
thesis. Erastin can inhibit the activity of SLC7A11. GPX4 can inhibit the accumulation of ROS with the help of GSH. Amino acid metabolism 
dysfunction can inhibit intracellular GSH and GPX4 to prompt ferroptosis. Under the action of ACSL4 and LPCAT3, PUFA synthesizes PUFA-PE, 
which are oxidized to PUFA-OOH by LOX, and GPX4 converts the toxic PUFA-OOH to nontoxic PUFA-OH, thereby inhibiting the occurrence of 
ferroptosis. ROS: reactive oxygen species; SLC7A11: solute carrier family 7 member 11; SLC3A2: solute carrier family 3 member 2; GSH: glutathione; 
GPX4: glutathione peroxidase 4; TFR: transferrin receptor; STEAP3: iron oxide reductase steam 3; DMT1: divalent metal transporter 1; PUFA: 
polyunsaturated fatty acid; ACSL4: acyl-CoA synthetase long-chain family member 4; LPCAT3: lysophosphatidylcholine acyltransferase 3; LOX: 
lipoxygenases. → indicates a promoting effect and ⊥ indicates an inhibitory effect. 
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3. Main mechanisms of ferroptosis 

3.1. Iron metabolism 

Iron metabolism is an essential cellular process for the occurrence of ferroptosis, and iron overload causes ferroptosis in cancer 
[11]. Iron generally exists in two different forms including ferric cation (Fe3+) and ferrous cation (Fe2+). Serum free Fe3+ binds to 
transferrin proteins, and these iron–protein complexes interact with transferrin receptor 1 (TFR1), a transmembrane glycoprotein 
expressed on the cell membrane, and subsequently enter the cell through endocytosis [12]. Iron oxide reductase steam3 (STEAP3) 
mediates the conversion of the form of Fe3+ into the form of Fe2+ [13]. Excessive iron can be also reserved as ferritin, and the ferritin 
heavy chain has iron oxidase activity that is responsible for the conversion of Fe2+ into Fe3+, allowing iron to be safely incorporated 
into the ferritin shell and thus lowering free iron levels [14]. Fe2+ is transported into the cell through the divalent metal transporter 1 
(DMT1)-mediated endosome and is further released into cytoplasmic iron pool [15]. Thus, the intracellular iron storage is presented by 
two states, either ferritin or free Fe2+ in iron pools. Under normal conditions, cellular iron concentrations remain stable. However, in 
cases of iron overload, Fe2+ is overproduced and reacts with hydrogen peroxide via the Fenton chemical reaction to produce hydroxyl 
radicals with potent oxidant properties, which subsequently generates large amounts of lipid peroxides [16]. Besides, iron augments 
ROS generation by activating ROS-generating enzymes, such as nicotinamide adenine dinucleotide phosphate oxidases and lip
oxygenases [17]. Excessive ROS accumulation and lipid peroxidation lead to cell membrane damage and lipid peroxidation, ultimately 
resulting in ferroptosis. As a major organelle for cellular ROS generation, mitochondria produce lipid ROS upon cysteine deprivation, 
thus regulating the process of ferroptosis [18]. By using mitochondrial ROS quenchers, ferroptosis is inhibited, which is accompanied 
by abrogation of ferroptosis inducers-mediated mitochondrial ROS and oxidized lipid accumulation [19]. These findings suggest a 
critical role of mitochondrial ROS in ferroptosis. 

It should be noted that RCC tumor tissues have higher iron levels compared to solid tumors of other organs, such as liver, prostate, 
and stomach; moreover, iron levels in RCC cells are reduced with the tumor development, including pathologic staging, sarcomatous 
dedifferentiation, and distant metastasis [20]. Therefore, the modulation of iron metabolism and resultant ferroptosis may be a 
promising factor in limiting RCC progression. Moreover, at the early stage of renal tumorigenesis, iron overload can produce hydroxyl 
radicals via Fenton reaction to trigger ferroptosis in renal proximal tubules, thus causing oxidative renal damage; however, once a 
neoplasm has formed, iron and its metabolites evoke tumor suppressors to resist ferroptosis, which favors RCC progression [21]. In this 
regard, future experimental settings should take the iron concentrations that induce ferroptosis, and the different stages of RCC into 
consideration. 

3.2. Amino acid metabolism 

Amino acid metabolism participates in the regulation of ferroptosis, mainly by regulating system Xc− , glutathione (GSH), and 
GPX4. System Xc− , also named cystine (Cys)/glutamate (Glu) antiporter, containing a catalytic subunit solute carrier family 7 member 
11 (SLC7A11) and a regulatory subunit solute carrier family 3 member 2 (SLC3A2) that linked together through a disulfide bridge, 
uptakes extracellular Cys but releases intracellular Glu in a 1:1 ratio, and the smuggled Cys is induced to cysteine that is used for the 
synthesis of GSH, which serves as an antioxidant that is utilized in enzymatic and non-enzymatic antioxidant reactions to maintain the 
redox balance [22,23]. In coordination with cofactor GSH, GPX4 consumes lipid peroxides and neutralizes ROS, thus defying oxidative 
stress [24]. Dysfunction of amino acid metabolism attributed to both suppression of system Xc− and deficiency of GSH or GPX4, can 
trigger ferroptosis. Indeed, erastin, a small-molecule inhibitor targeting system Xc− , represses cysteine intake and GSH production, 

Fig. 2. PRISMA flow chart.  
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thereby contributing to lipid ROS accumulation and subsequent ferroptosis [25]. Another ferroptosis inducer RSL3, interacts with 
GPX4 and inactivates its phospholipid peroxidase activity, which induces the accumulation of lipid peroxides and further ferroptosis 
[26]. 

In RCC, SLC7A11 is upregulated to facilitate the proliferation, migration, and invasion of cancer cells by elevating GPX4 expression, 
which in turn impairs ferroptosis [27]. Thus, targeting GPX4 may act as a therapeutic potential in RCC [28]. Of importance, diverse 
pathological types of RCC differ in sensitivity to disruption of amino acid metabolism. Clear cell RCC are highly susceptible to the 
depletion of Glu or Cys, and loss of GSH in these cells fails to eliminate cellular hydroperoxides and thus reduces cell viability [29]. 
Compared with clear cell RCC, chromophobe RCC has higher levels of GSH and lower expression of γ-glutamyl transferase 1, an 
enzyme in GSH homeostasis, thereby presenting higher sensitivity to ferroptosis induction [30]. Identifying the roles of ferroptosis in 
the amino acid metabolic vulnerability of distinct RCC tumors offers a promising avenue for targeted therapy. In addition, deprivation 
of Cys in VHL-deficient cell lines and primary clear cell RCC cells initiates rapid programmed necrosis, and blocking Cys uptake delays 
xenograft growth of RCC [31]. This result indicates that ferroptosis-regulating amino acid metabolic pathways are also involved in the 
induction of other programmed cell death processes. Elaborating the intrinsic crosstalk between ferroptosis and these processes is 
crucial for understanding the pathogenesis of RCC. Emerging ferroptosis-related genes have been demonstrated to participate in amino 
acid metabolism in RCC. For example, the decreased ACADSB expression might promote RCC tumorigenesis and progression by 
inhibiting branched-chain amino acid catabolism and further downregulating the expression of ferroptosis driver genes [32,33]. 
However, the regulatory mechanism of ferroptosis-related genes on amino acid metabolism and downstream signaling pathways are 
still vague. Further clarifying the roles of ferroptosis-regulating amino acid metabolic pathways in the pathogenesis of RCC might 
provide potential therapeutic targets to tackle this disease. 

3.3. Lipid metabolism 

Lipid peroxidation causes oxidative damage to the cell membrane and ultimately leads to ferroptosis. Among components of cell 
membranes, polyunsaturated fatty acids (PUFAs), including phosphatidylethanolamines (PEs) containing arachidonic acid (AA) or its 
derivative adrenergic acid (AdA), are more predisposed to oxidation by various ROS such as hydroxyl radical and hydrogen peroxide, 
and subsequently generate lipid peroxides, triggering ferroptosis by inducing rupture of phospholipid structures in biofilms [34]. 
During lipid peroxidation, several enzymes, including acyl-CoA synthetase long-chain family member 4 (ACSL4), lysophosphati
dylcholine acyltransferase 3 (LPCAT3), and lipoxygenases (LOX), are involved in lipid metabolism and function as positive regulators 
of ferroptosis. Upon activation of ACSL4, AA is acylated to form AA-CoA, which is further converted to AA-PE by LPCAT3. This process 
facilitates the esterification and incorporation of PUFAs into membrane phospholipids, sensitizing cells to ferroptosis [35,36]. 
Meanwhile, LOX oxidizes AA-CoA and thus produce AA-OOH-CoA [37]. In this context, suppression of ACSL4, LPCAT3, or LOX inhibits 
ferroptosis [38,39]. However, the acyl-CoA synthetase long-chain family member 3 (ACSL3), induces exogenous monounsaturated 
fatty acids to replace PUFAs in cell membranes, hindering lipid ROS accumulation and membrane oxidation, and thus impeding 

Table 1 
Promising molecules of renal cell carcinoma targeting ferroptosis.  

Molecule Expression Regulatory mechanism on ferroptosis Function Study types Ref. 

ACSL3 Normal Renders RCC cell sensitive to erastin-induced ferroptosis by promoting 
lipid production 

Tumor- 
suppressor 

In vitro, in vivo [47] 

SDH Down Its suppression reduces ferroptosis by compromising oxidative 
phosphorylation 

Tumor- 
suppressor 

Human tissue, in vitro [48] 

KDM5C Down Its depletion confers RCC cell resistance to ferroptosis by increasing 
glycogen 

Tumor- 
suppressor 

In vitro, in vivo [49] 

KLF2 Down Induces ferroptosis by triggering the transcriptional inhibition of GPX4 Tumor- 
suppressor 

Human tissue, In vitro, 
in vivo 

[8] 

TAZ Up Its overexpression sensitizes RCC cell to ferroptosis through the EMP1/ 
NOX4 axis 

Tumor- 
suppressor 

In vitro, in vivo [50] 

MT1G Down Abrogates erastin and sorafenib-induced ferroptosis by regulating GSH 
consumption 

Oncogene Human tissue, in vitro [51] 

Lcn-2 Up Protects RCC cell from erastin-induced ferroptosis by activating the 
Nrf2 and eIF-2α/ATF4 pathway 

Oncogene In vitro [52] 

Adipokine 
chemerin 

Up Blocks ferroptosis by activating HIF-2α Oncogene Human tissue, In vitro, 
in vivo 

[53] 

ISCA2 Down Its repression increases ferroptosis by suppressing HIF-1/2α Oncogene In vitro, in vivo [54] 
MITD1 Up Its knockdown promotes ferroptosis through the TAZ/SLC7A11 

pathway 
Oncogene In vitro, in vivo [55] 

STEAP3 Up Its silencing promotes erastin-induced ferroptosis by activating the 
p53/xCT pathway 

Oncogene Human tissue, in vitro [13] 

SUV39H1 Up Its deficiency facilitates ferroptosis by upregulating the DPP4 Oncogene Human tissue, In vitro, 
in vivo 

[56] 

miR-4735-3p Down Its mimic accelerates ferroptosis by inactivating SLC40A1 Tumor- 
suppressor 

Human tissue, in vitro [57] 

lncRNA SLC16A1- 
AS1 

Up Its knockdown induces ferroptosis through the miR-143-3p/SLC7A11 
axis 

Oncogene In vitro, in vivo [58]  
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ferroptosis [40], indicating a negative regulatory effect of ACSL3 on ferroptosis. When ferroptosis occurs, lipid peroxidation metab
olites derived from PUFAs, such as 4-hydroxy-2-nonenal and malondialdehyde (MDA), impair lipids, proteins, and nucleic acids, 
aggravating ferroptosis-mediated cell death [41]. 

In clear cell RCC tissues, which accumulate a large amount of PUFAs, abnormal lipid metabolism facilitates tumorigenesis [42]. 
Targeting PUFAs via a nanodrug to generate lipid peroxides has become a potential strategy to induce ferroptosis for RCC treatments 
[43]. Furthermore, the expression level of ACSL4 is decreased in clear cell RCC cells, which is associated with advanced tumor pro
gression and short overall survival, suggesting that ACSL4 represents a novel promising therapeutic target for RCC [44]. In addition, 
the natural agent lycorine exerts the anti-tumor effect in RCC through inducing ferroptosis by elevating ACSL4 and MDA expression 
[45]. Thus, it is vital to identify the regulators that mediate the lipid peroxidation in RCC. Moreover, lipid oxidation suppression and 
fatty acid metabolism dysfunction make RCC highly dependent on the GSH/GPX pathway to prevent lipid peroxidation and cell 
ferroptotic death [46]. Hence, targeting lipid metabolic pathways to trigger ferroptosis has become a promising therapy for RCC. 

3.4. Roles of ferroptosis in RCC progression 

Ferroptosis and ferroptosis-related regulators have been widely investigated. Generally, some regulators can be employed as tumor 
suppressors to inhibit the occurrence and development of RCC, while others exert an oncogenic effect (Table 1). 

3.5. The tumor-suppressive effect of ferroptosis 

The proliferation, migration, and invasion of cancer cells are crucial events in the progression of malignancies. Ferroptosis has been 
implicated in RCC progression. Emerging studies have found that ferroptosis-regulated genes and proteins have an impact on the 
development of RCC. The enzyme acyl-CoA synthetase 3 (ACSL3), converting exogenous fatty acids into lipid droplets, enhances the 
sensitivity of RCC cells to ferroptosis depending on the composition of exogenous fatty acids, indicating an underlying therapeutic 
target for RCC [47]. It is reported that the succinate dehydrogenase (SDH) is downregulated in RCC tissues and participates in tumor 
progression, with reduced ROS levels, peroxide accumulation, and ferroptosis, suggesting a tumor-suppressing role of SDH in RCC 
[48]. The ferroptosis-related gene KDM5C is identified in RCC, and in vivo and in vitro experiments find that silencing of this gene 
induces cells resistance to ferroptosis by upregulating GSH, while restoring its expression inhibits the glucose accumulation, and 
accelerates lipid peroxidation and ferroptosis in RCC cells [49]. Lu et al. demonstrated that kruppel-like factor 2 (KLF2), which is 
expressed at a low level in primary metastatic RCC and indicates unfavorable prognosis in patients, suppresses cell growth, migration, 
and invasion by inducing the transcriptional repression of GPX4 and thus mediating ferroptosis in RCC [8]. Besides, TAZ, a tran
scriptional co-activator with PDZ-binding motif, is confirmed to sensitize RCC cells to ferroptosis and further limits tumor growth, 
invasion, and metastasis through activating the EMP1/NOX4 signaling pathway, leading to ROS generation [50]. These findings imply 
that positive regulators of ferroptosis inhibit RCC development and may be employed as a therapeutic strategy for RCC. 

In conclusion, some ferroptosis-related regulators are expressed differently in RCC and exert an inhibitory effect acting as tumor 
suppressors, which facilitate ROS accumulation, lipid peroxidation and thus ferroptosis. It is generally acknowledged that ferroptosis- 
related tumor suppressors are downregulated in most cases owing to their roles as ferroptosis inducers. However, several regulators are 
upregulated in tumor tissues and sensitize RCC cells to ferroptosis. The exact mechanisms of this phenomenon are still elusive. One 
explanation may be that upregulated regulators act as intermediate factors to modulate downstream signaling pathways and further to 
affect ferroptosis. Therefore, rejuvenation of these low expressed regulators in RCC patients may offer a potential therapeutic strategy 
by inducing ferroptosis. Furthermore, some tumor suppressors link ferroptosis to the tumor microenvironment and have been 
implicated in RCC development. For instance, CX3CL1 is related to the infiltration level of CD8+ T cells, and overexpression of CX3CL1 
suppresses RCC proliferation and metastasis by promoting the sensitivity of ferroptosis in tumors [59]. Also, in the von Hippel Lindau 
(VHL) mutant RCC, the LCN-2 is activated to trigger ferroptosis, accompanied by enhanced ROS production and reduced GPX4 
expression, as well as sensitizes RCC cells to inflammation and macrophages to M1-like polarization, thus restricting the progression of 
RCC [60]. Given the critical role of VHL mutation and ferroptosis in RCC, further studies are required to investigate whether ferroptosis 
is regulated by VHL status in RCC. 

3.6. The oncogenic effect of ferroptosis 

Several negative regulators of ferroptosis are verified to promote RCC progression. For example, metallothionein 1 G (MT1G) is 
reduced in clear cell RCC tissues and is associated with poor survival, and in vitro experiments show that MT1G blocks both erastin and 
sorafenib-induced ferroptosis in RCC cells by regulating GSH consumption [51]. Research also demonstrated that iron-bound lip
ocalin-2 (Lcn-2) prevents RCC cells against erastin-induced ferroptosis through activating of the antioxidant Nrf2 pathway and the 
eIF-2α/ATF4 pathway [52]. Additionally, adipokine chemerin is overexpressed to inhibit fatty acid oxidation in clear cell RCC cells, 
which blocks ferroptosis by stimulating HIF-2α, contributing to RCC progression [53]. Thus, targeting negative regulators of fer
roptosis impedes the development of RCC. Green et al. found that iron sulfur cluster assembly 2 (ISCA2) levels are decreased in clear 
cell RCC, which is related to the loss of VHL tumor suppressor protein; also, repression of ISCA2 reduces tumor growth, along with 
increased ferroptosis via inhibiting the expression of HIF-1/2α [54]. It is reported that the MIT-domain containing protein 1 (MITD1) is 
highly expressed in clear cell RCC, which suggests an unfavorable outcome in patients; moreover, knockdown of MITD1 promotes 
ferroptosis and impairs tumor migration and growth through the TAZ/SLC7A11 pathway [55]. Similarly, depletion of 
six-transmembrane epithelial antigen of prostate 3 (STEAP3) renders RCC cells more susceptible to erastin-induced ferroptosis via 
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activating the p53/xCT pathway, subsequently inhibits RCC progression [13]. Silencing of the suppressor of variegation 3–9 homolog 
1 (SUV39H1) restrains clear cell RCC growth and progression but facilitates iron overload and lipid peroxidation, resulting in fer
roptosis through enhancing the expression of the dipeptidyl-peptidase-4 [56]. These above studies imply that ferroptosis suppressors 
cause RCC cells escape from ferroptosis and promote tumor progression, thereby targeting these negative regulators of ferroptosis may 
provide novel strategies for RCC treatment. 

It can be concluded that almost all reported oncogenic ferroptosis regulators are upregulated in RCC and promote tumor pro
gression through restricting oxidative stress, iron overload, and lipid peroxidation. In addition, noncoding RNAs (ncRNAs) are 
increasingly regarded as important mediators modulating ferroptosis and are anticipated to be potential therapeutic targets in various 
tumors. Zhu et al. investigated the regulatory effects of miR-4735-3p on ferroptosis of RCC cells. In their study, a remarkable miR- 
4735-3p low expression was found in human RCC tissues and cell lines, and miR-4735-3p mimic inhibited RCC proliferation, 
which was along with elevated oxidative stress, lipid peroxidation, iron accumulation, and ferroptosis. Further mechanistic evaluation 
revealed that miR-4735-3p accelerated ferroptosis and tumor suppression in RCC by inactivating SLC40A1 [57]. In addition, it has 
been demonstrated that knockdown of lncRNA SLC16A1-AS1, which is upregulated in RCC, inhibits cell viability, proliferation, and 
migration RCC cells, as well as triggers ferroptosis through the miR-143-3p/SLC7A11 axis [58]. Therefore, ferroptosis-related ncRNAs 
participate in the progression of RCC. Further investigating the regulatory mechanism of ncRNAs on ferroptosis might provide a novel 
target in the treatment of RCC. Besides, SLC7A11 expression is linked to immune cell infiltration, including CD8+ and myeloid 
dendritic cells, and is regulated by the ncRNA-mRNA axis in RCC [61]. It should be noted that ncRNAs-regulating ferroptosis in RCC 
progression is intricate due to its interaction with various pathological processes. The interplay between ncRNA-regulated ferroptosis 
and RCC pathogenesis should be further studied. Fig. 3 is an illustration of ferroptosis-related regulators and their respective mech
anisms and functions. 

3.7. Targeting ferroptosis in RCC treatment 

As mentioned above, it is widely believed that ferroptosis play a regulatory role in RCC progression. So, targeting ferroptosis- 
related regulators would offer a promising therapeutic strategy for this disease. 

Resistance to chemotherapy is a major hurdle in RCC treatment and causes poor prognosis. Recent studies have shown that fer
roptosis inducers help to overcome sunitinib resistance in RCC. For example, curcumin combines with sunitinib suppresses the pro
liferation of sunitinib-resistant RCC cells by inducing ferroptosis via upregulating the ADAMTS18, a ferroptosis-related gene [62]. 
Similar to scenario observed in sunitinib-resistant RCC cells, artesunate exerts cytotoxic effects on RCC and represses cell proliferation 
and tumor growth through stimulating p53-dependent ferroptosis [63]. In addition, several natural compounds serve as ferroptosis 
inducers to promote RCC cell death. Luteolin, a natural flavonoid, triggers ferroptosis and reduces the survival of RCC cells, accom
panied by excessive intracellular Fe2+, mitochondrial ROS and abnormal depletion of GSH, which is attributed to the upregulation of 
HO-1 expression and activation of iron pool [64]. Likewise, icariside II reduces the proliferation, migration, and invasion in RCC cells 
by inducing ferroptosis via the miR-324-3p/GPX4 axis [65]. Furthermore, everolimus, an inhibitor of mTOR, facilitates the erastin and 
RSL3-induced ferroptosis in RCC cells, thus exerting a synergistical effect in ferroptosis-induced tumor growth suppression [9]. These 
findings indicate that activating ferroptosis in RCC inhibits tumor progression and chemoresistance. Table 2 is a detailed description of 
ferroptosis-inducing agents in RCC. 

Thus, some drugs and natural compounds are capable of inducing ferroptosis and play an inhibitory role in the occurrence and 

Fig. 3. Key pathways in regulation of ferroptosis in RCC. Some negative regulators (red) inhibit ferroptosis and promote RCC progression, while 
other positive regulators (green) promote ferroptosis and exert a tumor-suppressive role in RCC (see text). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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development of RCC. Further identification of the mechanisms by which various drugs or natural products regulate ferroptosis is 
crucial to develop targeted interventions in RCC. However, whether various targets acting on the ferroptosis exist in these drugs or 
natural products needs to be confirmed. Otherwise, the effect of most of the ferroptosis inducers has been studied in both cell ex
periments and animal models with no measurable side effects. The safety and efficacy of these drugs should be further evaluated in 
clinical settings for the treatment of RCC in the future. 

3.8. Ferroptosis-related prognostic markers in RCC 

Ferroptosis-related genes and proteins are believed to function as prognostic biomarkers in RCC. Acyl-CoA synthetase long-chain 
family member 4 (ACSL4), a mediator of ferroptosis, is identified to express at lower levels in clear cell RCC compared to normal 
tissues, which is related to an advanced tumor grade, nodal invasion, disease stage, and short overall survival in patients, suggesting 
ACSL4 may serve as a valuable biological marker for RCC [44]. By screening ferroptosis-associated genes that associated with 
prognosis of patients with RCC, Huang et al. identified farnesyl-diphosphate farnesyltransferase (FDFT1) as a ferroptosis marker, and 

Table 2 
Agents inducing ferroptosis in renal cell carcinoma.  

Agent Mechanism of Ferroptosis Induction Experimental model Study types Ref. 

Curcumin Upregulation of ADAMTS18 level that promotes ferroptosis A498 and 786O cell lines In vitro [62] 
Artesunate Activation of the p53-mediated ferroptosis Caki1, 786O, KTCTL26 and A498 cell lines In vitro [63] 
Luteolin Upregulation of HO-1 expression that elevates Fe2+ and ROS 

levels and reduces GSH level 
786O and OS-RC2 cell lines, OS-RC2 xenograft mouse 
model 

In vitro, In 
vivo 

[64] 

Icariside II Downregulation of GPX4 expression mediated by miR-324-3p ACHN, A498, 786O and Caki1 cell lines; ACHN and 
Caki1 xenograft mouse model 

In vitro, In 
vivo 

[65] 

Everolimus Inhibition of mTOR pathway potentiates ferroptosis induced 
by erastin and RSL3 

ACHN and Caki1 cell lines In vitro [12]  

Fig. 4. The important role of ferroptosis in RCC. As a crucial form of RCC cell death, ferroptosis can suppress tumor progression. RCC cells are 
susceptible to iron overload and dysfunction in amino acid and lipid metabolism, which leads to abnormal ferroptosis and ultimately leads to tumor 
progression and unfavorable prognosis. Ferroptosis is also regulated by various genes, proteins and ncRNAs, which may provide potential clinical 
biomarkers and therapeutic targets for this disease. 
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found that overexpression of FDFT1 in the 786-O RCC cell line suppressed cell proliferation, migration, and invasion via the AKT 
signaling pathway, which also represented a novel therapeutic target for RCC [66]. In addition, Shi et al. established a ferroptotic 
genes-based signature for RCC prognosis, in which the glutaminase 2 gene was proved to be a suppressor of ferroptosis, since silencing 
this gene caused reduced glutathione levels but increased lipid peroxide levels [67]. Likewise, the decreased expression of short chain 
acyl-CoA dehydrogenase (ACADSB) is correlated with high tumor stage and grade and is regarded as an independent risk factor for the 
overall survival of patients with clear cell RCC, thus possessing diagnostic and prognostic potentials [33]. Consistently, several 
ferroptosis-related genes, such as CHAC1 and NCOA4, which are correlated with high-grade malignancy and advanced TNM stages, 
affect RCC progression and prognosis through shaping the oncogenic immune microenvironment [10,68]. Also, acyl-CoA Thioesterase 
8 and 11 are believed to be promising biomarkers for diagnosis and prognosis of clear cell RCC, as they influence the development and 
progression of RCC via the regulation of oxidative phosphorylation and ferroptosis [69]. 

Since lncRNAs play crucial roles in regulating the progression of RCC by regulating ferroptosis, screening abnormal expressed 
lncRNAs may act as reliable biomarkers. Lai et al. prognostic model based on the ferroptosis-associated lncRNA signature may improve 
the survival prediction of RCC through making a classification in tumors [70]. These ferroptosis-related lncRNAs play an important 
role in the immune environment, immunotherapy response, and drug sensitivity of RCC, which helps to determine the individualized 
prognosis and treatment for RCC patients [71,72]. Dong et al. also established a ferroptosis-related lncRNA model that could accu
rately predict the prognosis of RCC, which is associated with oxygen metabolic processes and immune microenvironment [73]. Further 
analysis revealed that these prognostic models may regulate RCC immune function via modulating several key pathways, such as the 
P53 and tumor necrosis factor-mediated signaling pathway, which further affects stage, grade, and survival outcomes of RCC [74]. 
There are other prediction models showing ferroptosis-related lncRNAs related to T cell functions, macrophage polarization, immune 
checkpoints, and inflammation regulation in RCC [75,76]. These findings suggest that ferroptosis-related lncRNAs can be used as 
promising markers for the progression, prognosis, and personalized treatment of RCC. 

These data suggest that the ferroptosis-related regulators and lncRNAs are dysregulated in RCC subtypes and could be employed as 
potential prognostic biomarkers to optimize patient monitoring and identify novel targets for more effective therapies. However, more 
attention should be paid to precise research, such as changes and functions of the regulators based on different tumor stages and types 
in larger samples. 

4. Conclusions and future perspectives 

This review emphasizes the importance of ferroptosis in progression, treatment, and prognosis of RCC. Ferroptosis induction are 
intimately related to metabolic disturbances in irons, amino acids, and lipids. RCC cells are predisposed to iron overload, and ab
normalities in amino acid and lipid metabolism, which is associated with tumor progression and unfavorable prognosis in RCC pa
tients, suggesting regulation of ferroptosis by targeting these metabolic signaling pathways may provide novel therapeutic strategies 
for this disease (Fig. 4). In fact, many ferroptosis-related genes or proteins are identified as modulators of ferroptosis affecting RCC 
proliferation, invasion, and metastasis. Positive regulators of ferroptosis inhibit RCC progression while negative ones exert the 
opposite effect, but the specific mechanisms by which these modulators regulate tumor development remain unclear. One possibility is 
that the paradoxical effects of ferroptosis regulators in RCC progression may depend on their different target genes in regulating 
specific cellular processes. Besides, the experimental findings are influenced by heterogeneity in cancer samples (cell lines, and tumor 
tissues from different individuals), insufficient sample size, varied testing methods, and other potential biases. Thus, future studies 
should take these factors into consideration for comprehensive and detailed investigations. Targeting these modulators to induce 
ferroptosis may be promising for RCC treatment. Most importantly, several ncRNAs are verified to influence RCC initiation and 
development by regulating ferroptosis, thus identifying ferroptosis-related ncRNAs and the regulatory role of ncRNAs in ferroptosis 
will shed light on the pathogenesis and therapies of this disease. Besides, some natural compounds that act as activators of ferroptosis 
have offered novel potential medicine for further development of promising strategies for RCC. Currently, there is no clinical trial of 
ferroptosis inducers in RCC, owing to the lack of insufficient research evidence on the functions and mechanisms of ferroptosis. For 
example, the effect of ferroptosis on RCC biological processes, such as DNA damage, angiogenesis, and tumor immunity, is elusive. In 
addition to ncRNAs, other upstream subjects and downstream targets of ferroptosis regulators remain unknown. Moreover, the 
biosafety and reliability of ferroptosis regulator-targeting therapeutics should be fully elucidated before clinical application. In this 
regard, further large-scale experiments should be carried out in the future to verify the role of ferroptosis in the progression and 
treatment of RCC. Furthermore, ferroptosis-related genes are expected to be employed as clinical markers for RCC diagnosis and 
prognosis, but the reproducibility, specificity, and sensitivity of these markers need to be further estimated before clinical application. 
Therefore, the establishment of ferroptosis-related biomarkers will contribute to better predictions of biological characteristics and 
optimal therapeutics for RCC. 

Ethical approval and consent to participate 

Not applicable. 

Consent for publication 

Not applicable. 

L. Yang et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e18504

9

Author contribution statement 

All authors listed have significantly contributed to the development and the writing of this article. 

Data availability statement 

Data will be made available on request. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

References 

[1] L. Bukavina, K. Bensalah, F. Bray, M. Carlo, B. Challacombe, J.A. Karam, et al., Epidemiology of renal cell carcinoma: 2022 update, Eur. Urol. 82 (5) (2022) 
529–542. 

[2] P.C. Barata, B.I. Rini, Treatment of renal cell carcinoma: current status and future directions, CA A Cancer J. Clin. 67 (6) (2017) 507–524. 
[3] K. Attalla, S. Weng, M.H. Voss, A.A. Hakimi, Epidemiology, risk assessment, and biomarkers for patients with advanced renal cell carcinoma, Urol. Clin. 47 (3) 

(2020) 293–303. 
[4] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2017, CA A Cancer J. Clin. 67 (1) (2017) 7–30. 
[5] Y. He, Y. Luo, L. Huang, D. Zhang, X. Wang, J. Ji, et al., New frontiers against sorafenib resistance in renal cell carcinoma: from molecular mechanisms to 

predictive biomarkers, Pharmacol. Res. 170 (2021), 105732. 
[6] C. Gong, Q. Ji, M. Wu, Z. Tu, K. Lei, M. Luo, et al., Ferroptosis in tumor immunity and therapy, J. Cell Mol. Med. 26 (22) (2022) 5565–5579. 
[7] Y. Meng, H. Sun, Y. Li, S. Zhao, J. Su, F. Zeng, et al., Targeting ferroptosis by ubiquitin system enzymes: a potential therapeutic strategy in cancer, Int. J. Biol. 

Sci. 18 (14) (2022) 5475–5488. 
[8] Y. Lu, H. Qin, B. Jiang, W. Lu, J. Hao, W. Cao, et al., KLF2 inhibits cancer cell migration and invasion by regulating ferroptosis through GPX4 in clear cell renal 

cell carcinoma, Cancer Lett. 522 (2021) 1–13. 
[9] W. Yangyun, S. Guowei, S. Shufen, Y. Jie, Y. Rui, R. Yu, Everolimus accelerates Erastin and RSL3-induced ferroptosis in renal cell carcinoma, Gene 809 (2022), 

145992. 
[10] D. Li, S. Liu, J. Xu, L. Chen, C. Xu, F. Chen, et al., Ferroptosis-related gene CHAC1 is a valid indicator for the poor prognosis of kidney renal clear cell carcinoma, 

J. Cell Mol. Med. 25 (7) (2021) 3610–3621. 
[11] X. Chen, C. Yu, R. Kang, D. Tang, Iron metabolism in ferroptosis, Front. Cell Dev. Biol. 8 (2020), 590226. 
[12] H. Kawabata, Transferrin and transferrin receptors update, Free Radic. Biol. Med. 133 (2019) 46–54. 
[13] C.L. Ye, Y. Du, X. Yu, Z.Y. Chen, L. Wang, Y.F. Zheng, et al., STEAP3 affects ferroptosis and progression of renal cell carcinoma through the p53/xCT pathway, 

15330338221078728, Technol. Cancer Res. Treat. 21 (2022). 
[14] J. Zhang, B. Wang, S. Yuan, Q. He, J. Jin, The role of ferroptosis in acute kidney injury, Front. Mol. Biosci. 9 (2022), 951275. 
[15] X. Xue, S.K. Ramakrishnan, K. Weisz, D. Triner, L. Xie, D. Attili, et al., Iron uptake via DMT1 integrates cell cycle with JAK-STAT3 signaling to promote 

colorectal tumorigenesis, Cell Metabol. 24 (3) (2016) 447–461. 
[16] N. Kajarabille, G.O. Latunde-Dada, Programmed cell-death by ferroptosis: antioxidants as Mitigators, Int. J. Mol. Sci. 20 (19) (2019) 4968. 
[17] T. Nakamura, I. Naguro, H. Ichijo, Iron homeostasis and iron-regulated ROS in cell death, senescence and human diseases, Biochim. Biophys. Acta Gen. Subj. 

1863 (9) (2019) 1398–1409. 
[18] M. Gao, J. Yi, J. Zhu, A.M. Minikes, P. Monian, C.B. Thompson, et al., Role of mitochondria in ferroptosis, Mol. Cell 73 (2) (2019) 354–363 e353. 
[19] S.J. Oh, M. Ikeda, T. Ide, K.Y. Hur, M.S. Lee, Mitochondrial event as an ultimate step in ferroptosis, Cell Death Dis. 8 (1) (2022) 414. 
[20] C.J. Greene, K. Attwood, N.J. Sharma, B. Balderman, R. Deng, J.B. Muhitch, et al., Iron accumulation typifies renal cell carcinoma tumorigenesis but abates with 

pathological progression, sarcomatoid dedifferentiation, and metastasis, Front. Oncol. 12 (2022), 923043. 
[21] Z. Cheng, S. Akatsuka, G.H. Li, K. Mori, T. Takahashi, S. Toyokuni, Ferroptosis resistance determines high susceptibility of murine A/J strain to iron-induced 

renal carcinogenesis, Cancer Sci. 113 (1) (2022) 65–78. 
[22] J. Yang, X. Dai, H. Xu, Q. Tang, F. Bi, Regulation of ferroptosis by amino acid metabolism in cancer, Int. J. Biol. Sci. 18 (4) (2022) 1695–1705. 
[23] Y. Chen, Z. Fan, S. Hu, C. Lu, Y. Xiang, S. Liao, Ferroptosis: a new strategy for cancer therapy, Front. Oncol. 12 (2022), 830561. 
[24] J. Fujii, T. Homma, S. Kobayashi, Ferroptosis caused by cysteine insufficiency and oxidative insult, Free Radic. Res. 54 (11–12) (2020) 969–980. 
[25] L. Wang, Y. Liu, T. Du, H. Yang, L. Lei, M. Guo, et al., ATF3 promotes erastin-induced ferroptosis by suppressing system Xc(.), Cell Death Differ. 27 (2) (2020) 

662–675. 
[26] T. Xu, W. Ding, X. Ji, X. Ao, Y. Liu, W. Yu, et al., Molecular mechanisms of ferroptosis and its role in cancer therapy, J. Cell Mol. Med. 23 (8) (2019) 4900–4912. 
[27] F. Xu, Y. Guan, L. Xue, P. Zhang, M. Li, M. Gao, et al., The roles of ferroptosis regulatory gene SLC7A11 in renal cell carcinoma: a multi-omics study, Cancer Med. 

10 (24) (2021) 9078–9096. 
[28] Y. Zou, M.J. Palte, A.A. Deik, H. Li, J.K. Eaton, W. Wang, et al., A GPX4-dependent cancer cell state underlies the clear-cell morphology and confers sensitivity to 

ferroptosis, Nat. Commun. 10 (1) (2019) 1617. 
[29] H. Miess, B. Dankworth, A.M. Gouw, M. Rosenfeldt, W. Schmitz, M. Jiang, et al., The glutathione redox system is essential to prevent ferroptosis caused by 

impaired lipid metabolism in clear cell renal cell carcinoma, Oncogene 37 (40) (2018) 5435–5450. 
[30] L. Zhang, C.S. Hobeika, D. Khabibullin, D. Yu, H. Filippakis, M. Alchoueiry, et al., Hypersensitivity to ferroptosis in chromophobe RCC is mediated by a 

glutathione metabolic dependency and cystine import via solute carrier family 7 member 11, Proc. Natl. Acad. Sci. U. S. A. 119 (28) (2022), e2122840119. 
[31] X. Tang, J. Wu, C.K. Ding, M. Lu, M.M. Keenan, C.C. Lin, et al., Cystine deprivation triggers programmed necrosis in VHL-deficient renal cell carcinomas, Cancer 

Res. 76 (7) (2016) 1892–1903. 
[32] L.H. Yang, L.Z. Xu, Z.J. Huang, H.H. Pan, M. Wu, Q.Y. Wu, et al., Comprehensive analysis of immune ferroptosis gene in renal clear cell carcinoma: prognosis 

and influence of tumor microenvironment, Am. J. Transl. Res. 14 (9) (2022) 5982–6010. 
[33] X. Liu, W. Zhang, H. Wang, L. Zhu, K. Xu, Decreased expression of ACADSB predicts poor prognosis in clear cell renal cell carcinoma, Front. Oncol. 11 (2021), 

762629. 
[34] V.E. Kagan, G. Mao, F. Qu, J.P. Angeli, S. Doll, C.S. Croix, et al., Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis, Nat. Chem. Biol. 13 (1) 

(2017) 81–90. 
[35] S.J. Dixon, G.E. Winter, L.S. Musavi, E.D. Lee, B. Snijder, M. Rebsamen, et al., Human haploid cell genetics reveals roles for lipid metabolism genes in 

nonapoptotic cell death, ACS Chem. Biol. 10 (7) (2015) 1604–1609. 
[36] W.S. Yang, K.J. Kim, M.M. Gaschler, M. Patel, M.S. Shchepinov, B.R. Stockwell, Peroxidation of polyunsaturated fatty acids by lipoxygenases drives ferroptosis, 

Proc. Natl. Acad. Sci. U. S. A. 113 (34) (2016) E4966–E4975. 
[37] H. Kuhn, S. Banthiya, K. van Leyen, Mammalian lipoxygenases and their biological relevance, Biochim. Biophys. Acta 1851 (4) (2015) 308–330. 

L. Yang et al.                                                                                                                                                                                                           

http://refhub.elsevier.com/S2405-8440(23)05712-2/sref1
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref1
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref2
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref3
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref3
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref4
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref5
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref5
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref6
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref7
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref7
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref8
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref8
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref9
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref9
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref10
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref10
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref11
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref12
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref13
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref13
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref14
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref15
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref15
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref16
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref17
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref17
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref18
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref19
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref20
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref20
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref21
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref21
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref22
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref23
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref24
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref25
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref25
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref26
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref27
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref27
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref28
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref28
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref29
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref29
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref30
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref30
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref31
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref31
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref32
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref32
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref33
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref33
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref34
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref34
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref35
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref35
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref36
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref36
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref37


Heliyon 9 (2023) e18504

10

[38] B. Proneth, M. Conrad, Ferroptosis and necroinflammation, a yet poorly explored link, Cell Death Differ. 26 (1) (2019) 14–24. 
[39] R. Shintoku, Y. Takigawa, K. Yamada, C. Kubota, Y. Yoshimoto, T. Takeuchi, et al., Lipoxygenase-mediated generation of lipid peroxides enhances ferroptosis 

induced by erastin and RSL3, Cancer Sci. 108 (11) (2017) 2187–2194. 
[40] L. Magtanong, P.J. Ko, M. To, J.Y. Cao, G.C. Forcina, A. Tarangelo, et al., Exogenous monounsaturated fatty acids promote a ferroptosis-resistant cell state, Cell 

Chem. Biol. 26 (3) (2019), 420-432 e429. 
[41] A. Ayala, M.F. Munoz, S. Arguelles, Lipid peroxidation: production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal, Oxid. 

Med. Cell. Longev. 2014 (2014), 360438. 
[42] G. Lucarelli, M. Ferro, D. Loizzo, C. Bianchi, D. Terracciano, F. Cantiello, et al., Integration of lipidomics and transcriptomics reveals reprogramming of the lipid 

metabolism and composition in clear cell renal cell carcinoma, Metabolites 10 (12) (2020) 509. 
[43] W. Ni, Y. Li, L. Liang, S. Yang, M. Zhan, C. Lu, et al., Tumor microenvironment-responsive nanodrug for clear-cell renal cell carcinoma therapy via triggering 

waterfall-like cascade ferroptosis, J. Biomed. Nanotechnol. 18 (2) (2022) 327–342. 
[44] N. Guo, Identification of ACSL4 as a biomarker and contributor of ferroptosis in clear cell renal cell carcinoma, Transl. Cancer Res. 11 (8) (2022) 2688–2699. 
[45] Y. Du, H.C. Zhao, H.C. Zhu, Y. Jin, L. Wang, Ferroptosis is involved in the anti-tumor effect of lycorine in renal cell carcinoma cells, Oncol. Lett. 22 (5) (2021) 

781. 
[46] X. Zhang, X. Li, Abnormal iron and lipid metabolism mediated ferroptosis in kidney diseases and its therapeutic potential, Metabolites 12 (1) (2022) 58. 
[47] T.D. Klasson, E.L. LaGory, H. Zhao, S.K. Huynh, I. Papandreou, E.J. Moon, et al., ACSL3 regulates lipid droplet biogenesis and ferroptosis sensitivity in clear cell 

renal cell carcinoma, Cancer Metabol. 10 (1) (2022) 14. 
[48] J. Yang, Y. Zhou, Y. Li, W. Hu, C. Yuan, S. Chen, et al., Functional deficiency of succinate dehydrogenase promotes tumorigenesis and development of clear cell 

renal cell carcinoma through weakening of ferroptosis, Bioengineered 13 (4) (2022) 11187–11207. 
[49] Q. Zheng, P. Li, X. Zhou, Y. Qiang, J. Fan, Y. Lin, et al., Deficiency of the X-inactivation escaping gene KDM5C in clear cell renal cell carcinoma promotes 

tumorigenicity by reprogramming glycogen metabolism and inhibiting ferroptosis, Theranostics 11 (18) (2021) 8674–8691. 
[50] W.H. Yang, C.C. Ding, T. Sun, G. Rupprecht, C.C. Lin, D. Hsu, et al., The hippo pathway effector TAZ regulates ferroptosis in renal cell carcinoma, Cell Rep. 28 

(10) (2019), 2501-2508 e2504. 
[51] W. Zhang, M. Luo, B. Xiong, X. Liu, Upregulation of metallothionein 1 G (MT1G) negatively regulates ferroptosis in clear cell renal cell carcinoma by reducing 

glutathione consumption, JAMA Oncol. 2022 (2022), 4000617. 
[52] J.K. Meier, M. Schnetz, S. Beck, T. Schmid, M. Dominguez, S. Kalinovic, et al., Iron-bound lipocalin-2 protects renal cell carcinoma from ferroptosis, Metabolites 

11 (5) (2021) 329. 
[53] S.K. Tan, I. Mahmud, F. Fontanesi, M. Puchowicz, C.K.A. Neumann, A.J. Griswold, et al., Obesity-dependent adipokine chemerin suppresses fatty acid oxidation 

to confer ferroptosis resistance, Cancer Discov. 11 (8) (2021) 2072–2093. 
[54] Y.S. Green, M.C. Ferreira Dos Santos, D.G. Fuja, E.C. Reichert, A.R. Campos, S.J. Cowman, et al., ISCA2 inhibition decreases HIF and induces ferroptosis in clear 

cell renal carcinoma, Oncogene 41 (42) (2022) 4709–4723. 
[55] Y. Zhang, Y. Li, Q. Qiu, Z. Chen, Y. Du, X. Liu, MITD1 deficiency suppresses clear cell renal cell carcinoma growth and migration by inducing ferroptosis through 

the TAZ/SLC7A11 pathway, Oxid. Med. Cell. Longev. 2022 (2022), 7560569. 
[56] J. Wang, X. Yin, W. He, W. Xue, J. Zhang, Y. Huang, SUV39H1 deficiency suppresses clear cell renal cell carcinoma growth by inducing ferroptosis, Acta Pharm. 

Sin. B 11 (2) (2021) 406–419. 
[57] C. Zhu, Z. Song, Z. Chen, T. Lin, H. Lin, Z. Xu, et al., MicroRNA-4735-3p facilitates ferroptosis in clear cell renal cell carcinoma by targeting SLC40A1, Anal. Cell 

Pathol. 2022 (2022), 4213401. 
[58] Y.Z. Li, H.C. Zhu, Y. Du, H.C. Zhao, L. Wang, Silencing lncRNA SLC16A1-AS1 induced ferroptosis in renal cell carcinoma through miR-143-3p/SLC7A11 

signaling, Technol. Cancer Res. Treat. 21 (2022), 15330338221077803. 
[59] Q. Gong, Z. Guo, W. Sun, X. Du, Y. Jiang, F. Liu, CX3CL1 promotes cell sensitivity to ferroptosis and is associated with the tumor microenvironment in clear cell 

renal cell carcinoma, BMC Cancer 22 (1) (2022) 1184. 
[60] C.Y. Kuo, P.C. Hsieh, V. Chiu, C.C. Lan, K.C. Lu, The von Hippel-Lindau tumor suppressor gene mutations modulate lipocalin-2 expression in ferroptotic- 

inflammatory pathways, Oxid. Med. Cell. Longev. 2023 (2023), 7736638. 
[61] F. Xu, S. Ji, L. Yang, Y. Li, P. Shen, Potential upstream lncRNA-miRNA-mRNA regulatory network of the ferroptosis-related gene SLC7A11 in renal cell 

carcinoma, Transl. Androl. Urol. 12 (1) (2023) 33–57. 
[62] B. Xu, W.J. Zhu, Y.J. Peng, S.D. Cheng, Curcumin reverses the sunitinib resistance in clear cell renal cell carcinoma (ccRCC) through the induction of ferroptosis 

via the ADAMTS18 gene, Transl. Cancer Res. 10 (7) (2021) 3158–3167. 
[63] S.D. Markowitsch, P. Schupp, J. Lauckner, O. Vakhrusheva, K.S. Slade, R. Mager, et al., Artesunate inhibits growth of sunitinib-resistant renal cell carcinoma 

cells through cell cycle arrest and induction of ferroptosis, Cancers 12 (11) (2020) 3150. 
[64] S. Han, F. Lin, Y. Qi, C. Liu, L. Zhou, Y. Xia, et al., HO-1 contributes to luteolin-triggered ferroptosis in clear cell renal cell carcinoma via increasing the labile 

iron pool and promoting lipid peroxidation, Oxid. Med. Cell. Longev. 2022 (2022), 3846217. 
[65] R. Yu, Y. Zhou, S. Shi, X. Wang, S. Huang, Y. Ren, Icariside II induces ferroptosis in renal cell carcinoma cells by regulating the miR-324-3p/GPX4 axis, 

Phytomedicine 102 (2022), 154182. 
[66] R. Huang, C. Zhang, X. Wang, X. Zou, Z. Xiang, Z. Wang, et al., Identification of FDFT1 as a potential biomarker associated with ferroptosis in ccRCC, Cancer 

Med. 11 (21) (2022) 3993–4004. 
[67] Z. Shi, J. Zheng, Q. Liang, Y. Liu, Y. Yang, R. Wang, et al., Identification and validation of a novel ferroptotic prognostic genes-based signature of clear cell renal 

cell carcinoma, Cancers 14 (19) (2022) 4690. 
[68] Y. Mou, J. Wu, Y. Zhang, O. Abdihamid, C. Duan, B. Li, Low expression of ferritinophagy-related NCOA4 gene in relation to unfavorable outcome and defective 

immune cells infiltration in clear cell renal carcinoma, BMC Cancer 21 (1) (2021) 18. 
[69] C.L. Xu, L. Chen, D. Li, F.T. Chen, M.L. Sha, Y. Shao, Acyl-CoA Thioesterase 8 and 11 as novel biomarkers for clear cell renal cell carcinoma, Front. Genet. 11 

(2020), 594969. 
[70] J. Lai, S. Miao, L. Ran, Ferroptosis-associated lncRNA prognostic signature predicts prognosis and immune response in clear cell renal cell carcinoma, Sci. Rep. 

13 (1) (2023) 2114. 
[71] L. Ju, Y. Shi, G. Liu, Identification and validation of a ferroptosis-related lncRNA signature to robustly predict the prognosis, immune microenvironment, and 

immunotherapy efficiency in patients with clear cell renal cell carcinoma, PeerJ 10 (2022), e14506. 
[72] Z. Zhu, C. Zhang, J. Qian, N. Feng, W. Zhu, Y. Wang, et al., Construction and validation of a ferroptosis-related long noncoding RNA signature in clear cell renal 

cell carcinoma, Cancer Cell Int. 22 (1) (2022) 283. 
[73] Y. Dong, D. Liu, H. Zhou, Y. Gao, Y. Nueraihemaiti, Y. Xu, A prognostic signature for clear cell renal cell carcinoma based on ferroptosis-related lncRNAs and 

immune checkpoints, Front. Genet. 13 (2022), 912190. 
[74] Z. Zhou, Z. Yang, Y. Cui, S. Lu, Y. Huang, X. Che, et al., Identification and validation of a ferroptosis-related long non-coding RNA (FRlncRNA) signature to 

predict survival outcomes and the immune microenvironment in patients with clear cell renal cell carcinoma, Front. Genet. 13 (2022), 787884. 
[75] S.Y. Wei, B. Feng, M. Bi, H.Y. Guo, S.W. Ning, R. Cui, Construction of a ferroptosis-related signature based on seven lncRNAs for prognosis and immune 

landscape in clear cell renal cell carcinoma, BMC Med. Genom. 15 (1) (2022) 263. 
[76] Z. Bai, Y. Zhao, X. Yang, L. Wang, X. Yin, Y. Chen, et al., A novel prognostic ferroptosis-related long noncoding RNA signature in clear cell renal cell carcinoma, 

JAMA Oncol. 2022 (2022), 6304824. 

L. Yang et al.                                                                                                                                                                                                           

http://refhub.elsevier.com/S2405-8440(23)05712-2/sref38
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref39
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref39
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref40
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref40
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref41
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref41
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref42
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref42
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref43
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref43
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref44
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref45
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref45
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref46
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref47
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref47
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref48
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref48
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref49
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref49
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref50
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref50
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref53
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref53
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref54
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref54
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref55
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref55
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref56
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref56
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref57
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref57
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref58
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref58
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref59
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref59
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref60
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref60
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref51
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref51
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref52
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref52
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref61
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref61
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref62
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref62
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref63
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref63
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref64
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref64
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref65
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref65
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref66
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref66
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref67
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref67
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref68
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref68
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref69
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref69
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref70
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref70
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref71
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref71
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref72
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref72
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref73
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref73
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref74
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref74
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref75
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref75
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref76
http://refhub.elsevier.com/S2405-8440(23)05712-2/sref76

	Targeting ferroptosis in renal cell carcinoma: Potential mechanisms and novel therapeutics
	1 Introduction
	2 Review criteria
	3 Main mechanisms of ferroptosis
	3.1 Iron metabolism
	3.2 Amino acid metabolism
	3.3 Lipid metabolism
	3.4 Roles of ferroptosis in RCC progression
	3.5 The tumor-suppressive effect of ferroptosis
	3.6 The oncogenic effect of ferroptosis
	3.7 Targeting ferroptosis in RCC treatment
	3.8 Ferroptosis-related prognostic markers in RCC

	4 Conclusions and future perspectives
	Ethical approval and consent to participate
	Consent for publication
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	References


